Excitation modes of $^{11}$Li at E$_x \sim$ 1.3 MeV from proton
  collisions by Crespo, R. et al.
ar
X
iv
:n
uc
l-t
h/
02
06
05
7v
1 
 2
4 
Ju
n 
20
02
Exitation modes of
11
Li at E
x
∼ 1.3 MeV from proton ollisions
R. Crespo
∗
Departamento de Físia, Instituto Superior Ténio, Av. Roviso Pais, 1049-001 Lisboa, Portugal
I.J. Thompson
†
Department of Physis, University of Surrey, Guildford, Surrey, GU2 7XH, United Kingdom
A.A. Korsheninnikov
‡
RIKEN, Wako, Saitama 351-0198, Japan
(Dated: November 4, 2018)
The ross setion for p-
11
Li inelasti sattering at 68 MeV/u is evaluated using the Multiple
Sattering expansion of the total Transition amplitude (MST) formalism, and ompared with the
breakup in the shakeo approximation. Three dierent potential models for
11
Li are used to alulate
the
11
Li(p,p
′
) ontinuum exitations, and all show peaks below 3 MeV of exitation energy, both
in resonant and some non-resonant hannels. In the most realisti model of
11
Li, there is a strong
dipole ontribution assoiated with attrative but not a fully-edged resonant phase shifts, and some
evidene for a J
pi
nn
= 0
+
2 resonant ontribution. These together form a pronouned peak at around
12 MeV exitation, in agreement with experiment, and this supports the use of the MST as an
adequate formalism to study exited modes of two-neutron nulear halos.
PACS numbers: PACS ategories: 24.10.-i, 24.10.Ht, 25.40.Cm
Halo nulei are weakly bound strutures in a viinity of
a breakup threshold, and the knowledge of the ontinuum
properties is an essential tool for the understanding of
these nulei. These strutures are of wide interest in
other elds suh atomi and moleular as well as nulear
physis [1, and referenes therein℄.
One timely issue is whether the orrelations between
the luster systems of the halo nulei are suiently
strong to support exited states or resonanes in the on-
tinuum. In partiular, it is still an open problem whether
there exists a new kind of olletive motion, the `soft
dipole' exited state or resonane at low energies in the
breakup ontinuum, as predited by some theories [2℄.
Some evidene for these modes was found for the Bor-
romean two-neutron halo nuleus
11
Li [3, 4℄ and
6
He [5℄,
but an unequivoal signature remains to be found. A
detailed study of the resonanes in the ontinuum sea,
whih has just now begun to be possible, would help shed
light on the existene of the exited modes of halo nulei,
and on other related issues. The study of these modes is
also relevant for the omprehension of the ground state
struture, beause the mehanisms for the halo exitation
depend on the ground state properties.
The aim of this work to study the evidene of low ly-
ing exited states in
11
Li in inelasti ollisions from pro-
tons within the few-body Multiple Sattering expansion
of the total Transition amplitude (MST) formalism [6℄
using dierent few-body potential models for the
11
Li
ground state and ontinua, and results ompared with
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those of simpler breakup models.
Several struture models have been developed to de-
sribe the struture of
11
Li [7, 8, 9, 10℄. These alu-
lations predit dierent resonanes for the valene neu-
tron halo pair. In partiular, it is unlear if the neutron-
neutron and neutron-
9
Li orrelations are together suf-
iently strong to onstitute a soft dipole resonane
Jpinn = 1
−
. Moreover, a low lying resonane Jpinn = 0
+
2
was predited in [8, 9℄, but no evidene for this has been
found up to now.
In parallel to the theoretial analyses, the low lying ex-
ited states of
11
Li have been experimentally investigated
[3, 11, 12, 13℄. These very diult studies, suering in
some ases from poor statistis, have shown ontradi-
tory results, in partiular with respet to the existene
of a low lying exited state at E
∗ ∼ 1.3 MeV. Inelasti
sattering from protons [3℄ an be a tool to nd evidene
for low lying states. The evident interplay between the
extrated struture information and the sattering ap-
proah [3, 10℄ alls for a lariation of the sattering
framework when desribing the sattering from halo nu-
lei.
Traditional alulations of inelasti ross setions as-
sume olletive exitations and use optial model po-
tentials, with few-body dynamis perhaps only inluded
approximately by means of eetive interations. The
halo degrees of freedom an be expliitly inorporated in
the sattering framework in a onvenient way within the
MST approah [6, 14, 15℄, and this has the advantages
of inluding ouplings to the ontinuum in all orders, of
learly delineating the struture and dynamis, and of
treating up to four body problems [6℄. Alternative ou-
pled hannel approahes [16℄, whih expliitly expand on
ontinuum states, are only able to takle up to three body
problems.
2We onsider then the sattering of a nuleon (partile
1) from N projetile subsystems. In the ase of 11Li,
assumed to be well desribed by a three-body (
9
Li + n
+ n) model, N=3. The total transition amplitude T
an be written as a multiple sattering expansion in the
transition amplitudes tˆI for proton sattering from eah
projetile sub-system I [6℄
T =
∑
I
tˆ1I +
∑
I
tˆ1IG0
∑
J 6=I
tˆ1J + · · · (1)
where the propagator G0 = (E
+ −K)
−1
, within the im-
pulse approximation, ontains the kineti energy opera-
tors of the projetile and all the target subsystems. Here
E is the kineti energy in the overall enter of mass frame
[6℄. It follows from Eq. (1) that in the MST expansion
the few-body dynamis is properly inluded, and exita-
tions of the projetile whih involve hanges in the rel-
ative motion of the sub-systems are taken into aount.
The ontribution of these to the alulated elasti ross
setion was investigated in [6, 14, 17℄.
We have in mind the sattering proess of
11
Li, orig-
inally in a |φ0〉 state, to a nal |φf 〉 state, by means of
its interation with a proton, with initial momentum
~ki
and nal momentum
~kf in the nuleon-nuleus enter-
of-mass frame. We desribe the nal state with angular
momentum of the valene neutron pair Jpinn(f) and exi-
tation energy E∗f as |φf 〉 = |J
pi
nn(f), E
∗
f 〉, negleting the
spin of the ore. In the experiment reported by [3℄, -
nal states up to an exitation energy E∗f ≤ 15 MeV were
deteted. Previous studies [8℄ of
11
Li exitations show
that it is suient to inlude ontributions from dipole
Jpinn = 1
−
, spin-dipole Jpinn = 0
−
, spinip Jpinn = 1
+
, and
seond Jpinn = 0
+
2 , exitations in the sattering.
We use a single sattering approximation, so Eq. (1)
redues to:
T = tˆ1core +
∑
n=1,2
tˆ1n , (2)
where tˆ1core, tˆ1n are the transition amplitudes for the
sattering from the ore and valene neutrons respe-
tively.
In the work of Karataglidis et al [10℄ the dierential
ross setion is alulated using the shakeo approxima-
tion (SA). This onsists rst of all, in taking into aount
only the proton-ore ontribution to the single sattering
term, so Eq. (1) beomes
〈~kfφf |T |φ0~ki〉 = tˆ1core(ω, q)Ff0(αq) (3)
where ~q = ~kf−~ki. In this equation, Ff0(αq) is the transi-
tion density, and α = 2/11 [6℄. The transition amplitude
tˆ1core(ω, q) desribes the sattering from the
9
Li ore at
the appropriate energy ω. Then, summing the ontribu-
tions of all the ontinuum for the sattering proess and
using losure, the inelasti ross setion is(
dσ
dΩ
)
SA
= R
(
dσ
dΩ
)
9
(1− |F00(αq)|
2) , (4)
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FIG. 1: Calulated phase shifts for the 3 struture model.
The dashed line represents the K=1, S=0 hannel for J
pi
nn
=
1
−
the dashed-dotted the K=0, S=0 hannel for J
pi
nn
= 0
+
2 ,
for three-body hypermoment K and two-neutron spin S as in
[8, 18℄.
where (dσ/dΩ)
9
is the dierential elasti ross setion for
p-
9
Li sattering and F00(αq) the density distribution for
the motion of the ore entre-of-mass [6℄. The departure
of F00(αq) from unity at nonzero transferred momentum
q arises from ore reoil eets [6, 17℄. The renormal-
ization fator R is somewhat arbitrary and is hosen to
remove all the ontributions from the ontinuum that are
exluded by the experimental aeptane.
We show the results of MST alulations that take into
aount the ontributions where the proton satters both
from the ore and from the valene neutrons in Eq. (2),
and we do not use the losure approximation.
In desribing
11
Li, the internal and spin dynamial
properties of the
9
Li ore are inluded approximately
through a nuleon-ore eetive interation, and then the
ground state and ontinuum wave funtions are obtained
by solving the Faddeev equations. We onsider here three
struture models for whih all eigenstates are dened by
dierent sets of n-ore potentials. All models use the
GPT nn potential [19℄. The rst model (S) uses n-ore
potentials from Johannsen, Jensen and Hansen [20℄, and
gives an s2-dominated 11Li wave funtion similar to that
used in the shakeo alulations of [10℄. The seond and
third models are dened in [7℄, and inlude Pauli bloking
operators for the s1/2 and p3/2 ore states. The seond
model (P0) uses potentials similar to those of Bertsh and
Esbensen [21℄, and gives (0p1/2)
2
halo wave funtions as
would be expeted from normal shell model ordering. A
nal model (P2) is that advoated by Thompson and
Zhukov [7℄, having an s-wave mixture arising from sd in-
truder levels in
10
Li. The intruder levels have a profound
eet on the
11
Li struture [7, 8℄, and the P2 model on-
tains a superposition of (0p1/2)
2
and (1s1/2)
2
omponents
with relative weights of 45% and 31%, in good agreement
with [22℄.
The dominant hyperspherial phase shifts are shown in
Fig. (1), alulated using the methods of [18℄. Aording
to [8℄ and these alulations, within the P2 model a low
lying resonane an be found at E∗f = 0.5 MeV of width
Γ = 0.6 MeV for Jpinn = 0
+
2 , as a superposition of s
2
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FIG. 2: Calulated inelasti ross setion for p-
11
Li inelasti
ross setion at 68 MeV/u within the MST framework using
the models for
11
Li desribed in the text.
and p2 ongurations orthogonal to those of the ground
state, and suh a resonane is not predited in the ase
of the P0 and S models. There are enhaned soft-dipole
1− nal state interations in both the P2 and S models,
from s1/2p1/2 neutron states. In this hannel the phase
shift does rise rapidly, but only shows at most a resonant-
like behaviour, and stritly there is no dipole resonane
in any of the models. In all three models, however, a
large non-resonant ontribution is expeted that arises
primarily from the large size of the
11
Li ground state,
but the size of any suh transitions will be enhaned by
positive ontinuum phase shifts.
The transition amplitude for proton sattering from
the
9
Li ore was generated by the multiple sattering ex-
pansion of the optial potential in terms of the free NN
transition amplitude, alulated in the single sattering
approximation [23℄ with only a entral interation and
negleting the Coulomb interation sine this is only rel-
evant at very low angles. We use the on-shell approxima-
tion for the matrix elements of the transition amplitude
in momentum spae, whih should be a reasonable ap-
proximation in this energy regime and for low exitation
energies. In the evaluation of the ontribution from the
valene neutrons, the spin dependene of the NN ampli-
tudes given by the tensor representation of [24℄.
The
9
Li ground state was taken as in [15℄, whih pro-
vides a reasonable desription of the p-
9
Li elasti data
[25℄ in the angular region θ ≤ 40◦ as shown in the upper
urve of Fig. (2a).
The experimental dierential ross setions from [3℄ for
p-
11
Li inelasti sattering at 68 MeV/u are shown in Fig.
(2). We also show in Fig. (2a) the inelasti sattering
within the shakeo approximation (SA), Eq. (4). The re-
sults for the three models with R = 1 are represented by
the solid (P2) the dashed (P0) and the dashed-dotted (S)
lines, and are all more than twie the experimental mag-
nitude in the region where the sattering from the ore is
well desribed. Even when introduing a renormalization
fator, R, as in [10℄, the alulated ross setions using
the shakeo framework deay more slowly than the data,
and thus do not give a good desription of the sattering.
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FIG. 3: Calulated energy spetrum for the 3 models de-
sribed in the text. The dashed line represents the J
pi
nn
= 1
−
the dashed-dotted the J
pi
nn
= 0
+
2 and the solid line the sum.
The lower thin solid line shows the bakground from materi-
als other than protons in the target. In a) the dotted urve
gives the alulated spetrum with no ontribution from the
sattering of the valene neutrons to the J
pi
nn
= 0
+
2 state.
The alulated inelasti angular distributions using
MST with the three struture models are plotted in Figs.
(2b-d), by integrating d2σ/dΩdEf over the experimen-
tally dened setion of the energy spetrum [3℄, where
we have alulated all the exited (resonant and non-
resonant) ontributions. In these gures, the solid line
inludes the sum of the Jpinn = 1
−
and Jpinn = 0
+
2 on-
tributions. The inelasti transitions alulated with 1−
and 0+2 only are represented by dashed and dashed-dotted
lines respetively. The ontributions from the spin-dipole
0− and spinip 1+ exited states do not signiantly alter
the full alulations, and are thus not shown in Fig. (2)
for simpliation. When omparing the dashed and solid
lines, it is evident that the major ontribution omes from
the dipole mehanism, with a small ontribution from ex-
ited 0+2 states. For all three struture models the total
dierential ross setion using the MST sattering frame-
work agrees well with the available data.
We now analyse the energy spetrum, in Fig. (3). The
double dierential ross setion d2σ/dΩdEf was alu-
lated up to 10 MeV; angular aeptane and energy res-
olution of the proton detetion system was inorporated
by simulation of the experimental apparatus. The exper-
imental numbers of ounts given in [3℄ are here onverted
to ross setions in mb/MeV. In Fig. (3), as in the ase of
the Figs. (2b-d) the dashed line inludes only the dipole
ontribution and the dashed-dotted the 0
+
2 ontribution.
The sum is given by the solid line. The other states give
a small ontribution to the energy spetrum, and there-
fore are not inluded. In the experiment, CH2 was used
as a target, and the thin solid line in Figs. (2) shows
the bakground from materials other than protons in the
target.
All of the models fail to reprodue the ross setions
above ∼ 5 MeV, indiating that further mehanisms are
ourring that are outside the sope of our few-body
model, or that higher order terms of the multiple sat-
tering expansion might have been important. However,
the peak below 5 MeV an be reprodued, to varying de-
4grees of auray in the various models, indiating that
some struture information an be extrated from the
very preise low energy spetrum. In the ase of the P2
model Fig. (3a), the dipole ontribution underestimates
the energy spetrum. When inluding the seond 0
+
2 rep-
resented by the dashed dotted line, however, the total
spetrum with the two ontributions reprodues well the
low energy data. As for the P0 model Fig. (3b), even
when inluding the 0
+
2 ontribution, the predited energy
spetrum underestimates the data. On the other hand,
when inluding this state the S model Fig. (3) overes-
timates the experimental points. In Fig. (3a) the al-
ulated spetrum with no ontribution from the satter-
ing from the valene neutrons to the seond 0
+
2 resonant
state is represented by the dotted urve. The dierene
between this and the dashed-dotted urve shows that the
sattering from the valene nuleons is essential for the
0
+
2 exitation. This ontribution was not taken into a-
ount in the SA framework, in order to permit the losure
summation.
We onlude that the shakeo framework fails to de-
sribe both the shape and magnitude of the inelasti ross
setion, and nd that MST is a useful sattering frame-
work to obtain information about halo exitation modes
from aurate inelasti energy spetrum data.
When onsidering the low lying energy spetrum up to
5 MeV, the P2 struture model for
11
Li reprodues well
the dierential ross setion and the shape, position and
magnitude of the peak.
We see that the experimental data an be well repro-
dued by a three-body model of
11
Li in whih there is
a pronouned 1− peak at low ontinuum energies, but
yet in whih there is not a fully-edged resonane in this
breakup hannel. There is a 0
+
2 resonane whih on-
tributes to this peak, but most of the ross setion arises
from the 1− nulear dipole exitation mehanism. This
is in partial agreement with [10℄, though here we do see
denitive eets of attrative nal-state interations, as
reeted in the ontinuum phase shifts of a more realisti
11
Li model (dashed urve in Fig. 1 for the P2 model).
Experimental evidene for the existene of a strong
(but not a fully-edged resonant) dipole peak is a fur-
ther demonstration of the novel range of phenomena that
our already with three bodies in quantum few-body
dynamis. Furthermore, this work shows some rst evi-
dene of a 0
+
2 resonane ontribution at 1-2 MeV exita-
tion.
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